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(54) TiUe: METHOD AND APPARATUS FOR REDUCING SAMPLE DISPERSION IN TURNS AND JUNCTIONS OF MICROCHAN- 
NEL SYSTEMS 

(57) Abstract 

The peifonnance of microchannel 
devices is improved by providing turns, 
wyes, tees, and other junctions that pro- 
duce little dispersions of a sample as it 
traverses the turn or junction. The re- 
duced dispersion results from contrac- 
tion (506) and expansion (510) regions 
that reduce the cross-sectional area over 
some portion of the turn or junction. 
By carefully designing the geometries 
of these regions, sample dispersion in 
turns and junctions is reduced to lev- 
els comparable to the effects of onli* 
naiy diffusion. A numerical algoridun 
was employed to evolve low-dispersion 
geometries by computing the electric or 
pressure field within candidate config- 
urations, sample transport through the 
turn or junction, and the overall effec- 
tive dispersion. These devices should 
grcaUy increase flexibility in the de- 
sign of microchannel devices by pennit- 
ting the use of nmis and junctions that 
do not induce large sample dispersion. 
In particular, the ability to fold elec- 
trophoretic and electrodiromatographic 
separation columns will allow dramatic 
improvements in the miniaturization of 
these devices. The low-dispersion devices are particulariy suited to electrochromatographic and electrophoretic separations, as well as 
pressure-driven chromatographic separation. They are further applicable to microfluidic systems employing eitlier electroosmotic or pres- 
sure-driven flows for sample transport, reaction, mixing, dilution or synthesis. 
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METHOD AND APPARATUS FOR REDUCING SAMPLE DISPERSION IN 
TURNS AND JUNCTIONS OF MICROCHANNEL SYSTEMS 

I 

1 

I 

I 

' . ■ • I 

5 ' FIELD OF THE INVENTION 

The following publications are cited in this application as superscript 
numbers: 

10 

*Kopf-Sill, A. R. and J. W. Parce, ''Microfluidic Systems Incorporating 
Varied Channel Dimensions," U. S. Patent No. 5,842,787 (1998). 

^ordman, E. S., "Mediod and Apparatus for Reducing the Distortion of a 
15 Sample Zone Eluting from a Capillary Electrophoresis Capillary," U. S. Patent 

Application No. 5,833,826 (1998). 

^Culbertson, C. T., Jacobson, S. C, and J. M. Ramsey, "Dispersion Sources 
for Conqiact Geometries on Microchips," Analytical Chemistry, 70 (18) 3781-3789 
20 (1998). 

^Giddings, J. C, "'Coiled Columns and Resolution in Gas Chromatography", 
Journal of Chromatography 3, 520-533 (1960). 

25 ^Jacobson, S. C, et al., "'Effects of Injection Schemes and Column Geometry 

on the Performance of Microchip Electrophoresis Devices," Analytical Chemistry 
66(7) 1107-1113(1994). 
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^Kasicka, V., et al., "Contribution of Capillary Coiling to Zone Dispersion in 
Capillary Zone Electrophoresis " Electrophoresis 16, 2034-2038 (1995). 

^Nilson, R. H. and S. K. Griffiths, "Wormhole Growth in Soluble Porous 
5 Materials," Physical Review Letters, 65, 1583-1586 (1990). 

Wilson, R. H. and Y. G. Tseui, "Free Boundary Problem of Electrochemical 
Machining by Alternating Field Technique on Inverted Plane,'* Journal of Computer 
Methods in Applied Mathematics and Engineering, 6 (3), 265-282 (1975), 

10 

BACKGROUND OF THE INVENTION 
MicroChannel devices are finding increased use in the separation, 
identification and synthesis of a wide range of chemical and biological species. 
Employing transverse channel dimensions in the range from a few microns to 

15 about one milluneter, such systems may permit the miniaturization and large-scale 

integradon of many chemical processes in a manner analogous to that akeady 
achieved in microelectronics. Applications for nucrochannel devices now under 
development include such diverse processes as DNA sequencing, 
inununochromatography, the identification of explosives, identification of chemical 

20 and biological warfare agents, and the synthesis of chemicals and drugs. 

In addition to the potential for large-scale integration, the small physical 
scales of microchannel devices offer a few inherent advantages over their 
traditional macro*scale counterparts. Traditional chromatographic separations are 
25 usually performed m packed columns. The role of the packing is to provide a 

stationary phase having a large specific surface area for the adsorption of chemical 
species. Since various chemical species have different absorption probabilities and 
residence times on the stationary phase, they move with different speeds through 
the column and thus exhibit a range of arrival times at die colunm exit. Although 
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larger surface areas provide better separation between arrival times, the use of 

packing materials causes nonuniformity of the fluid motion. This results in 

' , • ' 

hydrodynamic dispersion of the solute bands or, peaks used to distinguish the 
. species. The benefit of the packing material is thu^ partially offset by ihe 
S detriment of increased dispersion. This compromise can be avoided at the smaller 

scale of microchanner devices. Since the specific' surface area of a tube or channel 
is inversely proportional to its minimum transverse dimension, microchannel 
columns may provide the required surface area without any need for a packing. 

10 One promising method of microchannel separation is electrochromatography 

in which electric fields are used to drive electroosmotic fluid motion. Such fluid 
motion results from the applied electric field acting on charges in the electric 
Debye layer adjacent to the tube or channel walls, inducmg a shear stress very 
near the boundary of the interior fluid. Electroosmotic flows offer two important 

IS benefits over pressure-driven flows for the smaU physical dimensions characteristic 

of microchannel devices. First, fluid speeds in electroosmotic flows are 
independent of the transverse tube or channel dimension over a wide range of 
conditions, making this technique extensible to extremely small physical scales. In 
contrast, pressure-driven flows require a pressure gradient that increases inversely 

20 with the square of the minimum transverse dimension to maintain a given fluid 
speed. 



Tlie second, more important advantage of electroosmotic flows is that die 
profile of the fluid velocity across a tube or channel is essentially flat over a very 
25 broad range of conditions. All variations in the axial velocity are confined to a 

small region adjacent to the tube or channel walls. The thickness of this fluid- 
dynamic boundary layer is conq)arable to the diickness of the electric Debye layer. 
The benefit of this flat velocity profile is tiiat sanq>les may be transported over 
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long ranges with very little hydrodynamic dispersion due to nonuniform fluid 
speeds. Although dispersion in both electroosmotic and pressure-driven flows 
grows as the square of the Peclet number, the coefficient of dispersion in an 
electroosmotic flow may be many orders-of-magnitude smaller than diat for die 
parabolic velocity profile of a pressure-driven flow. In addition, this low 
coefficient of dispersion permits optimum operation of an electi-oosmotic flow at 
very high Peclet numbers. This minimizes the role of ordinary diffusion in 
electroosmotic flows, dius offering the potential for long-range transport in 
chromatographic columns with little axial spreading of solute peaks due to eiflier 
dispersion or diffusion, this is critical to chromatogriq)hic processes diat identify 
chemical species by distinguishing die arrival times of closely spaced peaks or 
bands. 

Anodier promising approach to microscale chemical analysis is 
electrophoretic separation. Here die carrier fluid may be eidier moving or nearly 
stationary, and an applied electric field is used to drive ionic species flirough a gel 
or liquid. Sq)aration occurs because die ion speeds depend on die unique charge 
and mobility of each species. Provided diat die applied field is unifonn across die 
mbe or channel cross-section, all ions of die same charge and mobility move at die 
same speed and so progress along die column widiout any induced dispersion. 
Such motion is analogous to die flat velocity profile of an electt-oosmotic flow, and 
die various species tiius again exhibit unique arrival times at die cohimn exit. Like 
electrochromatographic processes, electrophoretic separations may be severely 
degraded by diffusion or dispersion. In die latter case, however, dispersion may 
arise not only fi-om nonunifonniiy of die carrier fluid speed but may also arise 
direcdy from nonuniformity of die electric field across die column cross-section. 

Although species motion in both electrophoretic and electroosmotic transport 
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may be relatively free of both diffusive and dispersive spreading in straight tubes 
or channels having parallel walls, any local variation in the fluid speed or local 
field strength introduces dramatic skewing of ian. otherwise flat interface or species 
. band. Such skewing is known to occur in turns because the fluid moving along the 
S outer radius of a turn must travel further than that moving along the inner radius. 

This difference in path length is compounded by the electric field gradient which is 
greater along the shorter. umer radms, resulting in a greater fluid speed along the 
shorter path. Thus, an initially flat interface will be severely skewed in passing 
through a turn. Moreover, because transverse diffusion quickly redistributes 

10 solute concentrations across the channel, such ske\ying is irreversible, and the net 

effect of tranisport through any turn or junction is a large and permanent 
broadening of any solute peak or interface. Although there have been a number of 
published studies which demonstrate and quantify die dispersive effects of turns ^* ^' 
^* ^ diere have been few prior attempts to remedy the problem. As a result, 

15 separations are generally performed in straight channels that are limited in length 

by die maximum substrate dimension. This restriction limits the separation 
between peaks traveling at different speeds and, so, limits the resolution of 
separation devices. 

20 Beyond separation processes, sample dispersion also plays an important role 

in the routine transport of a sample through portions of a microchannel system. In 
many instances, samples are injected mto the channel system via a reservoir and 
then transported to some remote location where the mtended process is performed. 
Sanq)le dispersion in turns and junctions en route to the new location results in 

25 smearing of the sample and the eventual arrival of the sample in a progressive 

manner spanning some extended period of time. For processes such as mixing, 
dilution and reaction requiring simultaneous arrival of more than one species or 
arrival of a sample at some prescribed concentration, such dispersion will thus 
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impair the system performance. Likewise, synthesis via chemical reaction may 
require precise concentrations and the concurrent transport of multiple species 
side-by-side in a single channel. , In such a case, the dispersion induced by a turn 
or junction may physically separate the reactants by moving one species ahead of 
S or behind the other. Minimizing dispersion in microchannel devices is thus 

important to system performance even for processes other than species separation 
and identification. 

- - - - - -- - , 

Two different approaches have been used in previous efforts td miniiniTe die 

10 dispersion induced by turns' and by contractions at the ends of separation 

channels.^ Nordman^ utilizes focusing electrodes to obtain a more uniform electric 
field and, hence, a more uniform flow field in the transition between a separation 
capillary and a detection region. Similar electrodes might also be used to alter the 
flow field and reduce dispersion in odier types of junctions but only at the cost of 

15 greatiy increased complexity in fabrication and control of required electrodes and 

circuitry, particularly in large systems having a multitude of turns and junctions. ^ 
The more passive approach of Kopf-Sill and Parce' seeks to reduce dispersion in 
turns by die use of advantageous channel geometries. In particular, they 
recommend channels having small aspect ratios such that the channel depths are 

20 much greater than dieir widths. The smaller channel width helps to reduce the 

difference in transit time along the inner and outer walls of a turn, diereby 
reducing dispersion. Kopf-Sill and Parce also suggest that dispersion can be 
reduced by fabrication of turns having a depth along the inner radius that is greater 
than diat along the outer radius, thereby reducing die fluid speed along die inner 

25 radius. Although diese measures are capable of reducing dispersion, channel 
aspect ratios near or above unity have a number of advantages, particularly in 
fabrication and in die introduction of a packing material or pattern of obstacles 
needed to mcrease surface area or to increase species selectivity. Moreover, 



wo 00/65337 PCTAJSOO/09722 



fabrication of the variable depth channels suggested by Kopf-Sill and Parce would 
substantially increase costs, since most conventional lithographic and etching 
processes produce channels, channel molds, or embossing tools having a uniform 
feature depth. 

5 

Kopf-Sill and Parce also indicate that dispersion can be reduced by 
narrowing the channel around a turn, but go on to state that this increases 
resistance through the channel, lowers throughput, and causes increased current 
heating and hiper pressures. As a result of these perceive problems, they do not 
10 pursue this approach but instead describe only deep narrow channels having an 
aspect ratio less than one. 

SUMMARY OF THE INVENTION 
The present invention improves the performance of microchannel systems 

15 by providing turns, wyes, tees, and odier junctions that generate very litde 

dispersion of a chemical or biological sample as it traverses the turn or junction. 
The reduced dispersion results from turns and junctions having contraction and 
expansion regions that constrict the cross-section area in a portion of the turn or 
junction. By carefully designing the geometries of the constricted portion and 

20 adjacent contraction and expansion regions, dispersion produced by the improved 
turns and junctions is reduced by orders of magnitude below tiiat of conventional 
devices. Embodiments of die invention include: 45, 90 and 180 degree turns, 
wyes, and tees, as well as sample splitting devices and serpentine channels for 
folding long columns into smaU areas. 



25 



In one embodiment, the improved turns and junctions have rectangular 
cross sections and a uniform depth, pemutting straightforward fabrication by 
conventional etching, molding and embossing techniques. Further, because the 
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turns and junctions are only moderately constricted over relatively shon distances, 
they do not lead to excessive increases in electrical resistance and Joule heating. 
This is made possible by the use of numerical algorithms to discern turn and 
junction geometries that dramatically reduce dispersion by contraction and 
expansion regions that offset most of the dispersion that would otherwise occur. 

This invention is applicable to pressure-driven chromatographic separations, 
electrochromatographic separations and electrophoretic separations, as well as 
many microfluidic processes such as routine sample transport, sample mixing, 
sample reaction and species synthesis. It is also applicable to channels and 
junctions that are open, filled with a gel, or filled with a porous or granular 
material. 

BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1 is a schematic plan view of a microchannel system for performing 
analyses of chemical and biological samples; 

FIG. 2 is a schematic plan view of a microchannel system employmg a 
folded column to increase effective column length and branching junctions to 
perform parallel processes and parallel detection; 

FIG. 3 is a plan view of a standard (prior art) 90 degree turning channel in 
which sample profiles (heavy lines) remain flat in straight entry section, but are 
skewed dramatically as sample traverses the turn; 

FIG. 4 is a plan view of a standard (prior art) 180 degree turn in which the 
increased angular extent of this turn increases the skewing of an initially flat sample 
profile; 
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FIG. 5 is a plan view of an improved 90 degree turning channel wherein 
contraction and expansion regions yi^ld a relatively flat sample profile downstream 
of the turn; 

S FIG. 6 is a plan view of an improved 180 degree turning channel wherein 

the width of the constricted portion is about 35% of the widths of the mlet and 
oudet ends; 

FIG. 7 is a plan view of a standard (prior art) 45 degree tumiag channel 
10 which produces very significant effective dispersion, L^=^ 0.183» even though the 
included angle of the turn is fairly small; 

FIG. 8 is a plan view of an improved 45 degree turning channel diat 
reduces the effective dispersion by a factor of about 100 to L*- 0.0024; 

15 

FIG. 9 is a plan view of an improved 90 degree turning channel having , 
abrupt contraction and expansion regions, where abrupt changes in channel width 
yield a bowed sample profile at the outiet ^d; 

20 FIG. 10 is a plan view of an improved 90 degree turning channel having 

gradual contraction and expansion regions that reduce bow of tiie sanq)le profile at 
die oudet end; 

FIG. 1 1 is a plan view of a standard (prior art) 45 degree wye dividing a 
25 sanq)le, where the profile of each subsample is skewed by die junction yielding an 
effective dispersion of L'^-0.183 at the oudet ends; 

FIG. 12 is a plan view of an improved 45 degree branching junction where 
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contraction and expansion regions reduce the effective dispersion by a factor of ■ 
about 100 to i*= 0.0023; 

FIG. 13 is a plan view of an improved 90 degree branching junction where 
5 contraction and expansion regions and cusp-like divider yield an effective 
dispersion of only L*=0.0055; . . ' 

ii • 

FIG. 14 is a plan view of an improved separation colunm where the column 
is folded by low-dispersion turns such that dispersion produced by the turning 
10 channels is reduced to levels below that produced by ordinary diffusion in straight 
sections; 

FIG. 15 is a plan view of an improved splitting device where the length of 
sample travel along any path through the branch network is the same such that sub- 
15 samples arrive simultaneously at all outlet ends; and 

FIG. 16 is a plan view of an improved splitting device where the device 
may be operated to divide a sample into a plurality of sub-sanq)les or to join 
several sub-sanq>les into a single sample. 

20 

FIG. 17 is a flow diagram of the numerical algorithm used to compute the 
geometries of low-dispersion turns and junctions. 

DETAILED DESCRIPTION OF THE INVENTION 
25 I. General 

The present invention is directed to improved microchannel devices, 
systems and methods of using same, which incorporate low-dispersion turns, wyes, 
tees, and other jimctions. These improved devices are applicable to both 



wo 00/65337 



PCT/USOO/09722 



-11- 

electrochromatographic and electrophoretic separations, as well as pressure-driven 
chromatographic separation. They are further applicable to microfluidic systems 
employing either electroosmotic or pressure^driven flows for sample transport, 
mixmg, reaction, or synthesis. The present invention is 2^1icable to all channel 

! 

S depths and to a range of channel cross sections including, for example, rectangular, 
trapezoidal and triangular. The present invention also does not require variable 

■i 

channel depth either along or across the channel. 

MicroChannel systems typically include multiple transport channels 
10 interconnected with one another and with one or more fluid reservoirs. Such 

systems may be very simple, including only one or two channels, or may be quite 
conq)lex, including a great many channels and reservoirs. Here we use the term 
nucrochannel system to mean any system having one or more channels. When 
such systems include fluid reservoirs, the reservoirs can serve both as a means for 
15 introducing chemical samples into the system and as a convenient location for 
electrodes connected to an electric controller. This controller is used to apply 
electric potentials that induce electroosmotic or electrophoretic transport along the 
channels. Since the transport speed of differing species depends on their 
adsorption characteristics and relative ratios of ion charge to mobility, 
20 nucrochannel devices are conmionly used to perform chemical or biological 

separation processes. The arrival of separated species peaks or bands is monitored 
at channel outlets, usually by optical detectors. The timing and intensity of the 
detector response is then used to infer the composition of the sanople under 
analysis. 

25 



Microchannels generally have at least one internal transverse dimension that 
is less than about 1 nun, typically ranging from about 0.1 fmi to 500 ^m. Axial 
dimensions of these microchannels may reach to 10 cm or more. A network of 
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Channels and reservoirs is fabricated on a planar substrate by etching, injection 
molding, embossing or stamping. Lithographic and chemical etching processes 
developed by the microelectronics industry are now used routinely to febricate 
microchannel systems on silicon and glass substrates having lateral dimensions 
ranging up to tens of centimeters. Similar etching processes are also used to 
febricate microchannel devices on polymeric substrates such as 
polymethybnethacrylate (PMMA). polycarbonate, polytetrafluoroethylene 
(TEFLON), polyvinylchloride (PVC). and polydimethylsiloxane (PDMS). 
However, mass production of microchanneldevices is more efficiently performed 
by stamping, embossing or injection molding of polymeric materials using tools or 
molds that have been produced by Uthography and etching or by electroforming. 
After fabrication of a microchannel network on a planar substrate it is mated with 
one or more planar sheets that seal channel tops and/or bottoms while providing 
access holes for fluid injection and extraction ports as well as electrical 
connections. In most such fabrication processes, the channel geometries are 
initiaUy imprinted by lithographic masks capable of accurately reproducing detailed 
channel dimensions defined by digital data sets or by scanning unages like those 
disclosed herein. 



Figure 1 schematically illustrates a representative chemical analysis system 
100 febricated on a planar substrate 101. The fluid reservoirs 102, 104, 106 and 
116 have access ports (not shown) that permit injection or extraction of fluid 
through the top or bottom faces of the substrate. These ports may also be used to 
control the hydrostatic pressures in the reservoirs, or they may be left open to 
maintain reservoir pressures equal to die atmospheric value. Similar access holes 
are used to insert electrodes 103 that are connected to a controUer 105 used to 
control the electric potentials within the reservoirs. In the system of Figure 1 . a 
fluid sample is initially mjected into reservoir 102 and then transported tiirough 
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channel 108 by raising the electric potential or pressure of reservoir 102 above that 
m reservoir 106. After completing this step, the separation channel 112 contains a 
small volmne of the sample within the junction 1 10. The small sample is then 
moved forward along the separation channel 112 by raising the electric potential or 
5 pressure in reservoir 104 above that in 1 16. Because of differences in surface 

adsorption, ion charge, and ion mobility, different species within the sample move 
along the separation channel at different speeds. As a result, the sample separates 
into a series of bands that are detected as they pass through a detection device 
114 located toward the end of the channel. The contents of the sample are inferred 
10 from the observed arrival times of the separated bands. 

Chemical or biological samples are transported through microfluidic devices 
by electroosmosis, electrophoresis, or by pressure driven flow. In electroosmosis, 
bulk flow is induced by applying an electric field to a fluid containing a net mobile 

IS charge within the Debye layers adjacent to channel surfaces. In electrophoresis, by 
contrast, there is generally no bulk motion of the fluid or gel contained within the 
separation channels. Instead, the applied electric field causes migration of ionic 
species through a substantially stationary fluid or gel, at speeds that depend on the 
ion charges and mobilities of the species. Both of these processes may occur 

20 simultaneously when an electric field is applied to a fluid, though one is usually 
dominant. In pressure driven flow, bulk fluid motion is induced by applying a 
pressure difference between channel ends. The present invention is s^licable to 
aU electroosmotic and electrophoretic devices and to pressure driven devices having 
channel depths small compared to their widths. 

25 

To obtain the desired species separation, the separation channel 112 may be 
filled with a separation matrix such as gel or a porous or granular material. Gels 
are often employed as the stationary phase in electrophoretic separations. Porous 
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and granular materials are often used in chromatographic separations to increase 
the surface area and provide a specialized adsorption surface known to selectively 
retard particular species. Alternatively, the separation matrix used to increase 
surface area mky be a small-scale panem or array of obstacles fabricated widun the 

S channel. The selectivity of these fabricated surfaces may also be altered by coating 
or chemical processing. Thus, to effectively identify the contents of an unknown 
sample, it may be transported simultaneously through multiple separation channels 
havmg different separation matrices that selectively adsorb different species. Such 
a system is £own schematically in Fig. 2. 

10 . ' 

Figure 2 illustrates a more complex chemical analysis system 200 fliat 
includes a pair of folded or serpentine separation channels 214 and 220 fabricated 
on a planar substrate 201. In analogy to the discussion of Fig. 1, the sample is 
introduced into reservoir 202 and transported through channel 208 toward reservoir 

IS 206. This sample motion is mduced by using a controller (not shown) to raise the 
electric potential of the electrode 203 in reservoir 202 above that in reservoir 206. 
Alternatively, sample motion may be induced by applying pressures to reservoirs 
202 and 206. Then, to move the sample through the system, the electric potential 
or pressure in reservoir 204 is raised above that in reservoirs 218, 228 and 230. 

20 As a result, the volume of sample residing in junction 210 is transported through 
the branching junction 212 which divides the sample into a pair of sub-samples that 
are then transported through the separation channels 214 and 220 toward the 
detectors 216, 224 and 226. Anodier branching junction 222 is used to divide the 
sample leaving separation channel 220 into a pair of sub-samples that are sent to 

25 sq)arate detectors having differing detection capabilities. Similarly, a confluence 
junction could be used to route samples coming from multiple separation channels 
toward a single detector. 
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The serpentine separation channels 214 and 220 are folded back upon 
themselves to permit fabrication of long channels on small substrates 201 or within 
small areas' of a larger substrate. Long separation channels are beneficial in 
. producing wider spacing between species bands moving at differing speeds along 
the channel. However, any dispersion or spreading of species bands reduces the 
ability to distinguish closely spaced peaks. Thus, effective use of serpentine 
channels is critically dependent on low-dispersion tummg channels, like diose 
disclosed here. 

In addition to the separation devices shown in Figs. 1 and 2, microflmdic 
devices can also be used to perform a broad range of chemical reaction, mixing, 
and synthesis processes currentiy performed at larger scales. Such devices 
generally involve a large number of transpon channels interconnected by numerous 
junctions. As in separation, many of the chemical processes performed by these 
devices are degraded by axial dispersion of compositional interfaces. Thus, tiie 
broader utility of the present invention is to provide turns and junctions that 
minimize dispersion and hence enable the design, fabrication, and operation of a 
broad range of nucrochannel devices. 

20 n. Matiiematical Model 

A numerical model describing species transport in electroosmotic flows was 
developed and used to simulate, quantify and remedy dispersion occurring in 
microchannel turns and junctions. Altiiough this model is enable of resolving the 
electric potential and ion concentration gradients within Debye layers, these surface 

25 layers are usually orders of magnimde smaller than the transverse channel 

dimensions. Under tiiese conditions, the governing partial differential equations 
need only be solved in die electrically neutral core of the flow where the electric 
potential satisfies the Laplace equation. Once the electric potential is known, its 
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longitudinal gradient can be used to calculate the fluid speed immediately adjacent 
to the channel walls; the constant of proportionality depends on several parameters 
such as fluid viscosity and the Debye layer thickness that are independent of 
position and time. Further, since the fluid flow is incompressible and irrotational 
S within the electrically neutral core, die streamlines of the flow are coincident with 
the electric flux lines. Such flows, known as potential flows, have been studied 
extensively in cases where the driving potential is pressure; in the present case, it is 
the electric field. ConseqlieriUy, a single solution of the Laplace equation, suitably 
scaled, depicts both the electric potential and the corresponding flow field for any 
10 fixed channel geometry. 

The same mathematical model also describes ion motion in electrophoresis 
tiurough a relatively stationary phase, as well as the bulk fluid motion in some 
pressure-driven flows. Like electroosmotic fluid speeds, electrophoretic ion 

15 speeds are proportional to the gradient of the electric potential. Thus 
electrophoretic ion motion is completely analogous to fluid motion in 
electroosmotics. Similarly, the fluid velocity of a pressure-driven flow in a packed 
channel is proportional to the gradient of die pressure field, which for 
inconq)ressible fluids also satisfies the Laplace equation. The same equations also 

20 describe the deptii-averaged speed of pressure-driven flows, often called Hele- 
Shaw flows, m unpacked channels having a channel depth that is much smaller 
than die widdi. In all of these cases, ibe fluid or species motion obeys die same 
governing equations as Uiose outiined above for electroosmotic transport. Thus, 
the dispersion associated with nonuniform fluid speeds across a channel may be 

25 calculated in die same manner. Similarly, any remedies to dispersion in 
electroosmotic flows also serve as remedies to dispersion in electrophoretic 
processes, Hele-Shaw flows in shallow channels, and pressure-driven flows in 
packed channels. 
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Here the electric field equation was solved* by an invened approach. In this 
approach, the dependent variables are the unknown values of the spatial 
coordinates, x and y, and die independent variables are the electric potential, e, 
. and associated stream function, ^. The advantage of this approach is that tfie 
S computational domain is always rectangular in the ^-ffr domain, since the stream 
function is constant on channel walls and the electric potential or pressure is 
uniform across straight, sections of a channel. The governing equation on the 
inverted domain is still the Laplace equatioii. It is easily solved by finite- 
difference methods in the rectangular ^-jir domain, regardless of the geometric 
10 complexity of the channel boundaries in the physical x-y domain. This inverted 
approach has been previously used to solve free boundary problems in 
aerodynamics, electrochemical machining ^ and wormhole growth in soluble 
materials^. 

After obtaining a finite-difference solution to the L^lace equation for a 
IS candidate channel shape, local transport speeds, V, are calculated from the 

potential field gradients at all mesh points. Numerical integration of the function 
dt^ds/V 2long each streamline then yields the travel time of Lagrangian tracers 
simultaneously released from a cross-sectional plane upstream of the turn or 
junction. These time sequences are then interpolated for chosen values of time to 
20 find the simultaneous locations of all tracers. These points are dien connected, as 
shown in Figs. 3 and 4, to illustrate the distortion of a sanq>le profile as die sample 
moves through a turn. This computational method has been validated agamst 
measured profiles in conventional 90 and 180 degree turns. As explained further 
below, the mean axial position and standard deviation of the tracer locations 
25 servers as a direct measure of dispersion. Given the dispersion for this candidate 
channel shape, a new channel shape yielding still lower dispersion is discerned and 
tiiis process is repeated until no further improvement is possible. A flow diagram 
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illustrating the overall numerical procedure is shown in Fig. 17. 

The term ''low-dispersion'' when employed to described the various 
embodiments of the present invention means that these geometries produce sample 
dispersion that is one to two orders of magnitude smaller than that produced by 
S conventional turns and junctions. While these low dispersion turns and junctions 
yield minimum dispersion given the prescribed geometric constraints, it is 
generally possible to obtain furdier reductions in dispersion by introducing more 
freedom in the allowable turn geometry. For example, it will be shown that in 
general larger radius turns and junctions produce relatively smaller sample 

10 dispersion. However, this reduced dispersion comes at the cost of mcreased 

substrate area required for the turn or junction and a smaller cross-sectional area 
of the constriction. The first of these drawbacks undermines one of the principal 
benefits of the present invention; that is, complex channel networks can be turned 
or folded to occupy smaller substrate areas. The second of these drawbacks leads 

IS to large gradients of the pressure or electric potential within the constriction and 
die associated problems of excessive driving pressures or of excessive Joule 
heatmg and bubble formation via electrolysis. 

The low-dispersion shapes computed here are valid for all channel depths, 
provided diat the channel cross-sections are rectangular and the depth is uniform. 

20 They are also reasonably valid in describing the top surface or any other horizontal 
cut through channels that have trapezoidal or triangular cross sections and roughly 
uniform depth along the channel center, and are fiulher reasonably valid in 
describing circular or rounded channels provided that the width of these channels 
is defined as the maximum transverse channel dunension. Similarly, the computed 

25 geometries do not depend on the properties of the fluid, the wall potential, or the 
strength of the electric field, so long as die Debye layer remains thin compared to 
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the transverse channel dimensions. This restriction is satisfied for channel widths 
greater than about 0.1 fim, since the Debye layer thickness is typically on the 
order of 10 to 100 molecular diameters. Indeed, if this restrictioQ were not 
satisfied, dispersion in straight channels would be unacceptable and as a practical 
S matter the chemistry of the carrier or buffer fluid would be adjusted to reduce the 
Debye thickness. Thus, the channel shapes presented here may be regarded as 
universal so long as the width is interpreted as the lateral channel dimension at a 

fixed vertical elevation. 

........ I- 

m. Dispersion Induced by Conventional Turns 

10 Before describing the low-dispersion turns and junctions of the present 

invention, it is first instructive to review sample dispersion for conventional 90 and 
180 degree turns. Fig. 3 illustrates a conventional 90 degree turn 300. As seen on 
die left side of Fig.3, the calculated flux lines 302 and isopotential lines (304) are 
each straight and parallel at the inlet end 306. These meshes become somewhat 

15 distorted within the turn, but return to a straight and paraUel orientation at the 
outlet end 308. This local distortion occurs in part because the path lengdi along 
the outer channel wall 310 is longer than that along the inner channel wall 312. 
Aside from this difference in path lengths, the closer spacing of die isopotradal 
lines along the inner radius of these turns indicates that fluid or ion speeds are 

20 greater along this path. Again, both fluid and ion speeds are everywhere 

proportional to the electric field strength. Figure 4 shows similar results for a 
conventional 180 degree turn. 

The heavy lines 314 superposed on Figs. 3 and 4 Ulustrate the evolution of a 
sample profile and dispersion of a single ion species in electrophoretic motion, or 
25 of any inert non-diffusing sample carried by an electroosmotic flow, or by some 
pressure-driven flows. Each sequence of lines shows the time history of an 
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initially flat sample profile injected into the leftmost channel boundary. Since tfa6 
electric field and fluid velocity are uniform across the entry section, every portion 
of die sample moves intt) diis region at the same speed. The sample profile 
dierefore remains initially flat and orthogonal to the channel walls as it starts 
downstream. However, as the sample enters the mm, those portions nearest the 
inner radius begin to move ahead as a resuh of greater potential gradient or 
(equivalenfly) the greater fluid speed. The outermost portion of the sample 
eventually requires several times longer to complete the mm fiilly dian does dian 
die innermost portion. Roughly half of diis difference in transit times is due to die 
fector of two difference in path length; die remainder is due to differences in fluid 
speed and field strengdi. Once die entire sample has completed die mm, die 
sample profile propagates downstream widiout fimher alteration. Similar results 
for die 180 degree turn are shown in Fig. 4. 

Molecular difiiision is not included in die calculations shown here because it 
is of secondary importance to die dispersion caused by turns and junctions. The 
mfluence of diflRision depends on die Peclet number, Pe=«a/D, which is on die 
order of 100 for fluid or ion speeds, tt=lmm/s, channel widdis, a=100 im, and 
difliision coefBcients, D=10^ mVs, typical of microfluidic systems. Thus die 
sanqile will travel about 100 channel widdis in die time it takes for diffusion to 
obverse one channel widdi. The Peclet number must be diis large to prevent 
severe axial spreading of samples widiin typical channel runs, even in die absence 
of turns and junctions. As such, diffusion should not have a significant influence 
on die scale of a turn. Downsdream of a tom, however, transvose diffusion will 
irreversibly spread a slcewed sample profile across the diannel to produce a 
relatively uniform sample slug having a lengdi defined by die leading and tr ailing 
edges of die sample profiles shown in Figs. 3 and 4. 
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The normalized variance, L*=^{a/af, of the sample profile serves as a 
measure of the dispersion resulting from a mm or other junction that disturbs 
sample motion. The variance, ^, is calculated in a region of parallel motion 
, several channel widths downstream of the nim or j^nction. The mean axial 
S position of the sample is first determined from the local sample positions; after this 
the deviations are computed, squared and summed in the usual fashion. When 
normalized by the chamel width, the variance is proportional to the length, L, of 
straight channel required to produce a diffusive spreading equal to that due fo the 
turn or junction, L*=2L/a/Pe=(a/ay. Thus for a Peclet number of Pe= 100 and 
10 normalized spreading length of L* = 1 , the dispersion caused by a junction is die 
same as that occurring by diffusion alone ,in a straight run of SO channel widths 
(L/fl=50). 

The 90 and 180 degree turns shown in Figs. 3 and 4 produce normalized 
dispersions of L*=0.64S and L*=2J%6, respectively. Thus the standard 

IS deviation, a, is roughly doubled by turning through an angle diat is twice as large. 
The dispersion of a turn also depends on the ratio of the outer and inner radii, 
which are two and three in Figs. 3 and 4; diese are both almost asynq)totically 
large, so have litde further affect on dispersion. Although radii ratios near unity 
are preferred in minimizing dispersion \ such gradual turns occapy much more 

20 space and, for that reason, cannot be used to configure the densely packed channel 
arrays needed for large-scale integration of microchannel chemical processes. 
However, if tight turns like that in Fig. 4 are used to fold long channels onto small 
substrates, the turning dispersion would far exceed that occurring in the straight 
sections. There is thus a need for turn and junction geometries that produce 

25 minimal dispersion, while also conforming to prescribed space limitations. 

IV. Low-Dispersion Turns 
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Dispersion in microchannel turns can be reduced dramatically by die use of 
engineered geometries, like that shown in Fig. 5. The 90 degree turning channel 
500 in Fig. 5 includes inlet and outlet ends 502 and 504 respectively, generally 
having parallel channel walls, a contraction regions 506 in which the cross- 
5 sectional area of the channel is reduced, a constricted region 508 defining the 
minimum cross-sectional area, and an expansion regions 510 in which the cross- 
sectional area increases to the original inlet value or to some new channel size. In 
Fig. 5, the constricted region spans about 30% of the mcluded angle of the turn, 
defined here as the angle between the mam directions of san^le motion at the inlet 

10 and outlet ends. However, the constricted region may sometimes span nearly 
100% of the included angle of the turn, as shown later in Fig. 6. In still otiier 
cases, the contraction region may be direcdy joined to the expansion region such 
that the angle spanned by the constricted region is essentially zero. Moreover, die 
durection of sample motion may vary in any of die contraction, constriction and 

15 expansion regions of a turning channel. Thus, die sample may be turning even in 
regions in which die cross-sectional area varies. 

The effectiveness of these turning channels is illustrated in Figs. 5 and 6. 
For these improved geometries, the 90 and 180 degree turns induce effective 

20 dispersions of only L*=0.0057 and 0.0071, two orders of magnitude less than 
dieu- counterparts in Figs. 3 and 4. This improved performance is mainly due to 
three factors. First, the contraction and expansion are formed by reshaping only 
die ini^r wall. Thus, for die channels shown in Figs. 5 and 6, the outer wall of 
the turning channel consists of linear segments at die iidet and oudet ends joined 

25 by an arc of fixed radius spanning the entire included angle of the turn. The outer 
walls of these low-dispersion turns dierefore resemble die outer wall of a 
conventional turning channel. In these cases, only the inner wall of die turning 
channel is configured to form the contraction and expansion regions of these low- 
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dispersion devices. This increases the path length along the inner channel wall 512 
in Fig. 5, making it nearly the same as the outer path length along the outer wall 
514 in Fig. 5. Second, the outward movement of the inner wall produces a turn 
radius ratio much closer to unity. This helps to reduce dispersion occurring within 

5 the now constricted turn. Third, the width of the constriction and profiles of the 
expansion and contraction regions are designed such that the expansion and 
contraction produce skewing of the sample that just offsets that induced during the 
turn. This results in a sample profile leaving the turn 516 in Fig. 5, that is 
slightly bulged but is nonetheless substantially perpendicular to the direction of 

10 sa^^}le motion. 

The turn geometries shown in Figs. 5 and 6 were designed using a 
computer program that combines the transport model previously described with a 
least-squares minimization algorithm. Although this code is fully general in its 
architecture, the examples presented here are limited to cases having contractions 

15 and expansions that mirror one another. The turn geometries shown in Figs. 5 and 
6 are described by three independent parameters: the width of the constriction; the 
angular span of the constriction; and a value describing the shape of the smoodi 
contraction and expansion before and after the constriction. The solutions have a 
number of interesting features. The contraction and expansion regions are ahnost 

20 linear, though they are free to exhibit a very wide range of profiles. The 

contractions and expansions extend just into the turn, though they could have 
ended either well into or well outside. Finally, the width of the constriction is 
about 40% of the widdi of the inlet and outlet ends for the 90 degree case; it is 
about 30% for the 180 degree mm. These minimum widths provide an ideal 

25 balance between the benefit of a radius ratio near unity and the detrimrat of a very 
strong contraction and expansion. However, the preferred amount of constriction 
depends not only on the turning angle but also on the radius of curvature of the 
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turn and the lengths of the contraction and expansion regions relative to the 
channel width. Thus, the preferred width of the constriction generally varies from 
about 20% to 80% of the channel width at iht inlet end of the turn. 

These engineered contractions and expansions are designed to skew the 
. 5 sample profile m a manner that just offsets the sample distortion occurring in the 
turn. During either contraction or expansion, the longer length and slower speeds 
along the inclined inner wall tend to retard progress of the sample portion moving 
along that surface. As seen in Figs. 5 and 6, the san[q)ie profiles thus rotate 
clockwise as they s^roach the turn. The turn produces an opposing rotation that 
10 is about twice as large, but this is reversed again during the e}q)ansion that 

follows. Sample portions moving along the two opposing channel walls thus reach 
Ae exit plane at nearly the same time, but still slightly behind those portions 
traveling near die channel center. 

All contractions and expansions lead to some dispersion of a sample, 
15 whether or not a turn or junction occurs within the constriction. This is because 
sample portions nearest the channel center generally move faster through die 
expanding and contracting sections and have a shorter path length dian those 
movmg along die longer walls. The difference in path lengdis and amount of 
dispersion Qrpically increase with die contraction and expansion area ratios. 
20 However, for a given area ratio, the dispersion can always be reduced by more 
gradual contraction and expansion. 

Figures 7 and 8 next illustrate die benefit of a low-dispersion 45 degree 
turn. In each case the outer radius of the turn is twice the channel width. The 
first of these shows transport through a standard turn, yielding an effective 
25 dispersion of L* -0. 18. Despite die relatively small included angle of die turn. 
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this still represents very significant dispersion of the sample. In contrast, the low- 
dispersion turn shown in Fig. 8 yields a normalized dispersion of only 
L* =0.0024, nearly a factor of 100 below that of the standard mm. Further, this 
dramatic improvement in performance is obtained by a constriction in the turning 
5 channel that is still 46% as wide as the inlet and exit ends. 

Figures 9 and 10 illustrate the reduction in dispersion achieved by more 
gradual contraction and expansion. Both of uieise elbows have an outer radius of 
two channel widths . Both are low-dispersion geometries, but are subject to 
differing constraints on the size of the region available for contraction and 

10 expansion. In Fig. 9 this region is a square domain of one channel width. The 

effective dispersion for this case is L* ==0.01 1 . However, by increasing flie size of 
die permitted domain to two channel widths, as shown in Fig. 10, the dispersion is 
reduced by almost a factor of three to L* =0.0036. This reduction is pardy due to 
the more gradual contraction and expansion, but also partiy due to a decrease in 

IS the ideal width of the constriction for the more gradual contraction and expansion. 
Although further reductions in dispersion can always be gained by increasing die 
available space, diese benefits come at the cost of reduced feature density within a 
fixed substrate size. 

The preferred lengths of the contraction and expansion regions are 
20 determined by practical tradeoffs between reduced dispersion and very narrow 

channel widths. If the contraction and expansion regions are too short, dispersion 
may not be reduced to acceptable levels. On the other hand, very long contraction 
and expansion regions generally yield ideal constrictions of smaller widA, leading 
to possible problems with Joule heating. Thus, the preferred lengdis of die 
25 contraction and e;q>ansion regions usually range from about one to five times the 
width of the inlet channels. Of course, the contraction and expansion lengdis need 
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not be the same, though they are in the specific realizations presented here. 

Another 'method for reducing the inherent dispersion of a contraction and 
expansion pair is to place streamlined obstacles on the channel centerline either 
upstream or downstream' of die junction. These obstacles mcrease the patti length 

. 5 and reduce the ion or fluid speed well away from the channel walls, reducing the 
disparity of sample arriVal times at the exit plane. A single well-designed obstacle 
will produce a centerline arrival time nearly coincident with those for paths near 
the channel walls. . The first arrival will then occur at a location midway between 
the channel center and the wall. Of course it is possible to retard diat new first 

10 arrival by the placement of additional obstacles, centered on diose transverse 
positions, but the number of obstacles increases and the marginal gains diminish 
with each new set of obstacles. 

V. Low-Dispersion Junctions 

In addition to turns, other types of junctions are needed to subdivide 

IS samples and join sub-samples together. Here the term junction will be used to 
describe any device having multiple inlets or multiple outlets or both. Branching 
junction describes those devices having more outlets dian inlets, ^^e confluence 
junctions have more inlets than outlets. It is clear that branching and confluence 
junctions may be die same physical device and differ only in die directions of 

20 transport through die junction. To describe specific typos of junctions, we largely 
adopt here die familiar terminology of die plumbing industry, wyes, tees and 
crosses, but aU of these are special cases of branching or confluence junctions. 
The term wye is used here to describe any jimction having a single inlet and two 
outiets as well as any junction having two inlets and a single oudet. The two 

25 configurations are interchangeable because the dispersion that occurs is essentially 
die same regardless of die transpon direction. Under diese definitions a tee is a 
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special case of a wye having an angle of 90 degrees between the inlet and both 
outlet ends, ' . 

Figures 11 and 12 illustrate the fate of samples split by wye junctions. The 
standard wye shown in Fig. 11 produces a normalized dispersion of L* =0.183. 
• S This is reduced by nearly a foctor of 100 to L*^ =0.0023 by the low-dispersion 
geometry shown in Fig, 12. 

As with the turning channels, branching and confluence junctions* 
including inlet and outlet ends, 1202 and 1204 respectively* are generally defined 
by parallel channel walls, one or more contraction regions 1206 in which the 

10 cross-sectional area of die channel is reduced, one or more constricted portions 
1208 defining minimum cross-sectional areas, and one or more expansion regions 
1210 in which the cross-sectional area increases. The contraction and expansion 
regions extend somewhat into the turn, the constriction width is about 40% of the 
outflow channel width, and the constriction spans about 40% of the included angle 

IS of the turn. In addition, the outlet channel walls interior to the junction 1214 meet 
to form a cusp 1212 facing the inlet end. This cusp divides the sample smoothly 
widiout a stagnation zone. As with the turning channels, die geometry shown in 
Fig. 12 provides nearly equal length of travel along both inner 1214 and outer 
1216 channel walls. In the case of the wye, however, the path along the inner wall 

20 begins at the center of the inlet end, passes through die cusp, and dien foUows die 
Ulterior walls of die two oudet channels. Similar features are apparent in die low- 
dispersion tee shown in Fig. 13. 

The dimensions that characterize preferred junction geometries are 
essentially die same as diose explained earlier for turning channels. The 
25 constricted portion of a low-dispersion branching junction should generally have a 
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width that is between 20% and 80% of the width of the outlet ends. Similarly, 
lengths of the contraction and expansion regions should generally range from about 
one to five times the width of die inlet. Also as with turning channels, the span of * 
the constricted portion of a branching junction may include nearly all of the 
S included angle or may nearly vanish such that the contraction and expansion 
regions join almost direcdy to one another. 

Orthogonal cross-junctions or side-brancied tees are also needed to inject 
samples into a main channel containing a carrier fluid or gel. To perform such 
injection, the sample is usually driven into or across the main channel before 

10 applying the pressure or electric field diat drives sample motion along the channel. 
The goal is to inject a narrow, sharply-defined slug for subsequent separation. 
However, dispersion occurring during and just after injection generally results in a 
longer, more diffuse sample profile, greaUy reducing the ability to distinguish 
species having similar transit times. The invention described here should prove 

IS beneficial m designing sample injection junctions that m\n\mw. dispersion. Here 
again, low-dispersion devices will employ the contraction of channel widths, an 
injection process at the reduced or constricted scale, followed by expansion back to 
the final channel widdi. 

Still another means to allow more geometric freedom is to vary the profiles 
20 of both the inner and outer radii of the turn or junction. All of the low-dispersion 
geometries shown thus far have been constructed by altering only the inner wall of 
the turn. Designs in which both inner and outer walls are displaced have also been 
examined. The results of these calculations show that dispersion can be reduced 
somewhat below that for geometries in which only the profile of the inner wall is 
25 varied. However, geometries in which both walls are varied generally yield 
smaller widdis of the constricted portion which is generally not desirable. The 
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geometries shown here thus represent preferred embodiments for most 
applications, but are not intended to indicate that varying both channel walls is not 
beneficial m some instances. 

VI. Serpentine Channels Having Low-Dispersion Turns 
S Beyond simple elbows, tees and wyes, the present invention enables die 

construction of pressure-driven chromatographic columns, electrochromatographic 
columns, and electrophoretic columns that are not straight, but are instead folded 
back and forth so as to place a much longer effective separation column within the 
bounds of a fixed substrate area. Current designs, employing only straight 
10 separation columns, not only make very poor use of the available substrate area, 
but also drive manufacturers to large substrate sizes just for the purpose of 
obtaining sufficient column length. By folding the column, widiout mtroducing 
significant additional dispersion, both of these problems can be solved. 

Figure 14 illustrates one embodiment of the use of low-dispersion turns to , 
IS fold a long column into a very small space. The turns used in this embodiment 
yield an effective dispersion of only about 0.0095. For a Peclet number of 100, 
each turn produces a dispersion equivalent to diffusion occurring in a straight 
section having a length of only one-half a channel width. Even at a Peclet number 
of 1000, diis equivalent length increases only to about five channel widths. The 
20 straight sections in Fig. 14 are roughly 20 channel widths in lengdi. Thus for Ais 
rai^e of Peclet numbers, the total induced dispersion of turns will be only 2 to 
20% as large as the diffusion in straight sections. This result is independent of the 
total number of turns and sections since each section is associated with only one 
turn. Moreover, the turn dispersion relative to diffusion in straight sections 
25 decreases as the channel lengths increase. As such, folded columns of arbitrarily 
long length can be constructed provided that the ratio of the straight section lengdi 
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to the channel width remains larger than about 0;005 times the Peclet number. In 
contrast, conventional mms would yield a normalized dispersion over 300 times 
greater than those shown here. For a Peclet number of only 100, such 
conventional turns would produce a dispersion equivalent to diffusion in a straight 
S section having a length oif nearly 160 channel widths. 

Vn. Structures for Splitting and Joining 

Figures 15 and 16 illustrate another embodiment of the present invention. 
These two devices enable splitting a single sample into any even number of 
smaller* but otherwise identical, sub-samples. Using these devices, a single 

10 sample can be routed to a collection of separation or processing channels each 
having die same or differing functions. Such multichannel processing is needed, 
for example, to identify the composition of an unknown sample diat might contain 
a broad range of possible chemical or biological species. The sample splitting 
strategy of our invention is preferred to making separate mjections into each of the 

IS processing channels because separate injections would require a multipliciiy of 
injection channels, electrical connections, and electrical controls. In comparing 
Figs. IS and 16 it is apparent that the smaller splitting angle of Fig. 16 provides a 
more compact channel structure thereby conserving space on the substrate. A 
smaller splitting angle is also beneficial in reducing dispersion. 

20 The branching devices shown in Figs. 11 and 12 not only serve to divide a 

sample. Simply by transporting sub-samples in the reverse direction, these devices 
may also be used to join sub-samples in confluence at a single detector or oAer 
processing site. In the two illustrative geometries, the end-to-end paths through all 
branches are the same length, yielding simultaneous arrival of all sub-sanq>les at 

2S die exit plane. However, sub-sample arrival times can be tailored to any desired 
pattern by varying the lengths of the linear segments joining the wyes and turns. 
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For example, sequential arrivals might be advantageous in routing multiple sub- 
samples to a single detector. In this instance it is also likely that channel widths 

' ' . ' ' 

would remain the same at successive junctions. .The same would also be true of 

. switching junctions specifically designed to route an incoming sample into just one 
S of the outgoing branches, depending on the pressures or electric potentials applied 
to each of the legs. * ' 

n 

If 

The tree-like splitting or joining devices shown in Fig. 15 and 16 are each 
constructed by assembling only two basic building blocks. Each tree is 
constructed from a sequence of identical y/ye junctions, reduced in overall size by 

10 a factor of two at each successive level, joined by a short linear channel to 
matching turns diat restore the direction of sample motion. Thus, only a few 
fundamental channel shapes are needed to construct a wide range of complex 
geometries. These building-block geometries can be scanned in from the figures 
presented here, digitized, and accurately scaled to the particular sizes needed m 

IS preparing lithographic masks for any microchannel device. Similarly, the total 
dispersion induced by any such composite device can be readily calculated from 
the known contributions of the fundamental turns and jimctions. 

Finally, the geometries of both the low-dispersion turns and junctions 
presented here are not readily discerned by experimental means. To obtain just a 

20 single optimized geometry requires several hundred realizations of sample 

transport through candidate turns or jimctions, and each computational realization 
of a candidate geometry is equivalent to a single experiment. As a result, it is 
unlikely that geometries matching the dispersion performance of those described 
here could be obtained by experimental methods alone. In tihe course of designing 

25 just those geometries shown here, over 5000 such realizations were computed. As 
a result of diis unique design process, the normalized variance, L*=(a/af^ does 
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not exceed 0.01 for any of the low-dispersion turns and junctions shown here. 
The largest value, L*= 0.0071, was produced by the low-dispersion 180 degree 
turn shown in Fig. 6. Other realizations, such as the 45 degree turn of Fig. 8 and 
the 22.5 degree junction of Fig. 12 produce much smaller normalized variance of 
5 only L*=:0.0024 and 0.0023, respectively. These levels of dispersion are, in all 
cases, at least 75 times smaller than that of the corresponding conventional turns 
and junctions. Moreover, in most cases the dispersion is reduced by more than a 
fiactor of one hundred. 

Although only preferred embodiments of the invention are specificaUy 
10 disclosed and described above, it will be appreciated that many modifications and 
variations of the present invention are possible in light of the above teachings and 
within the purview of the appended claims without departing from the spirit and 
intended scope of the invention. 
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What is claimed is: 

1 . > A low-dispersion device for turning the direction of transport of a 
. moving sample that comprises: a microchannel system comprising at least one 

turning channel having an inlet end and an oudet end, wherein the turning channel 
S comprises contraction and e?q)ansion regions such' that a portion of the niming 
channel is constricted tp a width that is smaller than the widths of the inlet and 
outietends; 

2. The device of claim 1 wherein the turning channel has substantially 
rectangular cross-sections. 

10 3. The device of claim 1 wherein the turning channel has a depth that 

is substantiaUy uniform. 

4. The device of claun 1 wherein the tummg channel has an mcluded 
angle of greater than 10 degrees. 

5. The device of claim 1 wherein the turning channel has an included 
IS angle equal to about 45 degrees. 

6. The device of claim 1 wherein the turning channel has an included 
angle equal to about 90 degrees. 

7. The device of claim 1 wherein the turning channel has an included 
angle equal to about 180 degrees. 

20 8. The device of claun 1 wherem the constricted portion of the turning 
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I 

Channel has a width that is between 20% and 80% of the width of the inlet end. 

9. The device of claim 1 wherein die contraction and expansion 
regions have lengths that are between one and five times the width of the inlet end. 

10. The device of claim 1 wherein the contraction and e^qiansion 

5 regions define inner and outer walls of the turning channel that are .substantially 
equal in length. 

I 

11. The device of claim 1 wherein the outer wall of the turning channel 
comprises linear segments at the inlet and outlet ends joined by an arc of fixed 
radius spanning the included angle of the turning channel, and wherein die inner 

10 wall of the aiming channel is configured to form die contraction and expansion 
regions. 

12. The device of claim 1 wherein the contraction and e:q)ansion 
regions extend into the turn. 

15 13. The device of claim 2 wherein the angular span of the constricted 

portion of the niming channel is less dian the included angle of the turn. 

14. The device of claim 1 wherein die contraction and expansion 
regions and the constricted portion of die turning channel are configured such that 
sample motion dirough die timing channel produces a sample profile having a 
20 normalized 

variance, L*=(o/a)* diat is less dian about 0.01, wherein is die spatial 
variance of die sample profile at die oudet end of the niming channel and a is die 
widdi of die inlet end. 
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15. The device of claim 1 wherein a portion of the microchannel system 
comprises a separation matrix disposed therein. 

16. The device of claim 1 further comprising at least two channel 
segments each defining a substantially linear path, wherein at least two linear 

S channel segments are joined by a turning channel. 

17. The device of claim 16 wherein the turning channel has an included 
angle that is greater than about 90 degrees. ^ 

18. The device of claim 16 wherein the turning channel has an included 
angle equal to about 180 degrees. 

10 19. The device of claim 16 wherein at least one linear channel segment 

comprises a separation matrix disposed therein. 

20. A low-dispersion device for dividing a sample that comprises: a 
microchannel system comprising at least one branching junction having one inlet 
end and at least two oudet ends, wherein the branching junction comprises 

IS contraction and expansion regions such that a portion of the branching junction is 
constricted to a width that is smaller than the width of at least one outiet eod. 

21 . The device of claim 20 wherein die branching junction has 
substantially rectangular cross-sections. 

22. The device of claim 20 wherein the branching junction has a depth 
20 that is substantially uniform. 
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23. The device of claim 20 wherein a portion of the branching junction 
is constricted to a width that is smaller than the width of at least one outlet end. 

24. The device of claim 20 wherein the included angle between the inlet 
end and at least one outlet end is greater than 10 degrees. 

S 25. The device of claim 20 wherein the included angle between the inlet 

end and at least one outlet end is about 22.S degrees. 

26. The device of claim 20 wherein the included angle between the inlet 
end and at least one outlet end is about 45 degrees. 

27. The device of claim 20 wherein the included angle between the inlet 
10 end and at least one outlet end is about 90 degrees. 

28. The device of claim 20 wherein the constricted portion of the 
branching junction has a width that is between 20% and 80% of the widdi of the 
outlet end. 

29. The device of claim 20 and wherein the contraction and expansion 
15 regions have lengths that are between one and five times the width of the mlet end. 

30. The device of claim 20 wherein the joining of adjacent junction 
walls interior of the outlet ends defines a cusp. 



20 



31 . The device of claim 20 wherein the contraction and e;q>ansion 
regions of the branching junction define a first distance of travel along one outer 
junction waU and a second distance of travel starting at the center of the inlet end 
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and proceeding along the junction wall interior of one outiet end, wherein the first 

and second distance of travel are substantially equal. 

i ' . ' 

32. The device of claim 20 wherein die constricted portion and 
contraction and expansion regions are configured such that the sample motion 
through the branching junction produces a sample profile having a normalized 
variance, L*={a/a)^, that is less than about 0.01, wherein 6^ is the spatial 
variance of the sample profile at one or more outiet ends and a is the width of the 
inlet end. - . 

33. The device of claim 20 wherein a portion of the microchannel 
system comprises a separation matrix disposed therein. 

34. The device of claim 20 comprising first, second, and tiiird 
branching junctions and at least two turning channels wherein the outiet ends of the 
first branching junction are joined by turning channels to the inlet ends of the 
second and tiiird branching junctions. 

15 35. Thedeviceof claim 34 wherein the branching junctions and turning . 

channels conq)rise a sq)aration matrix disposed tiierein. 

36. A low-dispersion device for joining two or more samples that 
comprises: a microchannel system comprising at least one confluence junction 
having at least two inlet ends and one outiet end, wherein die confluence junction 
20 comprises contraction and expansion regions such that a portion of the confluence 
junction is constricted to a width that is smaller tiian the width of at least one inlet 
end. 



5 



10 



BNSOOCIO: <WO_0065337A1_L> 



wo 00/65337 



PCTA)S00/09722 



-38- 

37. An apparatus for analyzing chemical or biological samples 
containing a plurality of species that comprises: 

a substrate fabricated to define a microchannel system disposed therein, the 
microchannel system comprising at least one turning channel having an inlet and 
5 an outlet end, wherein the turning channel comprises contraction and expansion 
regions such that a portion of the turning channel is constricted to a width that is 
smaller than the width of the inlet and oudet ends; 

means for introducing a sample into the microchannel system; 
means for separating the sample into two or more component; and 
10 means for detecting the two or more different components. 

38. The apparatus of claim 37 wherein the separation means comprises 
electrodes and an electric controller used to create a voltage gradient along some 
portion of the microchannel system in order to cause species separation by 
electrophoresis. 

IS 39. The apparatus of claim 37 wherein the separation means comprises 

electrodes and an electric controller used to create a voltage gradient along a 
portion of the microchannel system in order to cause electroosmotic flow and 
species separation by chromatography. 

20 40. The apparatus of claim 37 wherein the separation means comprises 

applied pressures used to create a pressure gradient along some portion of the 
microchannel system in order to cause fluid motion and species separation by 
chromatography. 

41 . The apparatus of claim 37 wherein at least a portion of the 
25 microchannel system comprises a separation matrix disposed therein. 
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• t 

42. The apparatus of claim 37 wherein the substrate material is selected 
from the group consisting of silicon,, silicon compounds, silicone, glass, and 
polymers. 

43. The apparatus of claim 37 wherein in the microchannel system is 
5 embossed into the substrate. 

44. Tne apparatus of claim 37 wherein the microchannel system is 
etched into the substrate. ' 

45. The apparatus of claim 37 wherein the substrate is injection molded 
to form the microchannel system. 

10 46. A method for analyzing chemical and biological samples by 

separating a sample into two or more component species wherein the mediod 
comprises the steps of: , 

providing an apparatus comprising a microchannel system, the 
microchannel system comprising at least one turning channel having an inlet end 
IS and an oudet end, wherein the tummg channel comprises contraction and 

expansion regions such diat a portion of the turning channel is constricted to a 
widA that is smaller than the widths of the inlet and outlet ends; 
introducing a sample into the microchannel system; 
separating the sample into two or more components; and 
20 detecting the two or more different components. 

47. The method of claim 46 wherein the step of separating the sample 
causes the sample to travel through the microchannel system and turning channel 
to form one or more discrete bands and whereby the bands exhibit negligible 
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dispersion as they travel through the turning channel. 

48. ' A low-dispersion microchannel deivice for turning the direction of 
. transport of a moving sample comprising: a turning channel having an inlet end 

and an outlet end, wherein the turning channel comprises a region in which the 
S cross-sectional area is smaller than that of the inlet end. 

i 

49. A low-dispersion microchannel device for dividing a sanqple 
comprising: a branching junction having one inlet end and at least two ouflet ends, 
wherein the branching junction comprises a region in which the cross-sectional 
area of the channel is smaller dian that of at least one outlet end. 

10 SO. A low-dispersion microchannel device for joining two or more 

subsamples comprising: a confluence junction having two or more inlet ends and 
one outlet end, wherein the confluence junction comprises a region in which the 
cross-sectional area of the channel is smaller than that of at least one inlet end. 
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